Abstract-Wearable electrocardiograph (ECG) monitoring systems today use electrodes that require skin preparation in advance, and require pastes or gels to make electrical contact to the skin. Moreover, they are not suitable for subjects at high levels of activity due to high noise spikes that can appear in the data. To address these problems, a new class of miniature, ultra low noise, capacitive sensor that does not require direct contact to the skin, and has comparable performance to gold standard ECG electrodes, has been developed. This paper presents a description and evaluation of a wireless version of a system based on these innovative ECG sensors. We use a wearable and ultra low power wireless sensor node called Eco. Experimental results show that the wireless interface will add minimal size and weight to the system while providing reliable, untethered operation.
I. INTRODUCTION
Electrocardiograph (ECG) is one of the most widely used biomedical sensing procedures to date. The heartbeat is the definitive indicator for a wide range of physiological conditions. Although ECG instruments were quite bulky, miniaturization in recent years has opened up brand new applications by enabling wearable versions to collect data in scenarios that were not possible before.
A. Current ECG sensors
Many wearable ECG systems have been proposed to date. Virtually all of them use some form of electrodes that must make electrical contact with the subject's skin surface. This necessitates the use of sticky pads, pastes or gel. While this method works for stationary patients, it suffers from several problems. First, the material used to construct the electrode or the paste could cause skin irritation and discomfort, especially if the subject is performing rigorous physical exercise and may be sweating. Another problem is that, during motion, the electrodes may become become loose, breaking electrical contact and causing high noise spikes in the data. Paste/gel-free resistive contact ECG sensors have been developed. Many of them still suffer from similar noise levels to "wet" electrodes, and the contact can still cause irritation problems as well as being more sensitive to motion.
B. Insulated Bioelectrodes
Recent breakthroughs have been made in the form of insulated bioelectrodes (IBEs). They can measure the electric potential on the skin without resistive electrical contact and with very low capacitive coupling. This has been made possible by a combination of circuit design and the use of a new, low dielectric material. These IBEs enable through-clothing measurements, and results over 40 subjects have shown them to be capable of over 99% correlation with gold standard conventional electrodes. 
C. Wireless Enabled IBEs
To realize the full potentials of these IBEs, they need to be built in a miniature, wearable form factor and be wirelessly enabled. To accomplish this, we are integrating an existing wireless sensor node platform with the IBE. These IBEs can be very sensitive to outside noise sources and adding a digital wireless interface could introduce noise in different forms. Therefore, an important consideration in this case is to test the data quality in such a setup.
II. BACKGROUND
Several wireless ECG monitoring systems have been proposed [1] , [2] , [3] , [4] , [5] , [6] . All of them use conventional "wet" ECG sensors. For data sampling and wireless transmission, they use either existing standard wireless interfaces or general-purpose wireless sensor nodes. This combination results in many system-level drawbacks such as big form factor, low transmission speed, short battery lifetime, and lack of wearability. In this section, we first review the previous works and discuss their shortcomings. Next, we demonstrate the design goals of our system to resolve the discussed problems.
A. Related Work
The most recent work [1] is a system which uses the Tmote Sky platform [7] and a 3-lead system based on conventional ECG sensors. Tmote has an 802.15.4 radio interface (for Zigbee) at 250 Kbps and is controlled by the MSP430F1611 microcontroller. The authors designed an interface board between Tmote and ECG sensors. Also, they use a PDA for data collection and Wi-Fi or GPRS for the host interface. This system samples one ECG sensor at 1 KHz (16-bit resolution). However, this system is too obtrusive to be worn, considering its sensor node is larger than 66(L) × 32(W) × 15(H) mm 3 . Also, its conventional ECG sensors must be attached directly onto the skin, which is another main obstacle towards wearability.
Other work done at Harvard University [2] used the MICA series [8] and Telos [9] platforms for their first prototypes. In order to make more integrated systems, they developed their own mote platform called Pluto. Pluto is functionally identical to Tmote Sky [7] . It measures 57(L) × 36(W) × 16(H) mm 3 , which is still as large as Tmote Sky. It also uses standard ECG sensors.
Researchers at Imperial College developed their own wireless sensor node, called the BSN node. It measures 28(L) × 37(W) × 12(H) mm 3 (w/ a sensor board and w/o a battery). They used this platform to design a wireless ECG monitoring system [3] . This system also used the 802.15.4 radio and conventional ECG sensors.
Most systems use the 802.15.4 radio, even though it was originally developed for event-detection applications rather than real-time monitoring ones. There are two exceptions [4] [5] . The first one uses a CC1050 transceiver [10] (at 76.8 Kbps max), which is similar to MICA2's transceiver. The other one uses a Bluetooth interface (721 Kbps max). Neither radio interface was originally designed for realtime monitoring applications.
B. Design Goals
To address the problems descried above, we are designing a new ECG monitoring system. There are four main design goals: UltraWearability, High Throughput, Low Power, Universal Connectivity.
Ultra-Wearability Wearability is the most crucial issue in designing a wireless ECG monitoring system. However, to the best of our knowledge, none of the existing miniature sensing systems can be considered truly wearable in the strict sense, not just because they are still bulky but also because conventional ECG sensors can cause skin irritation. Therefore, we are using QUASAR's innovative ECG sensor and an ultra-compact wireless sensor node specially designed for wearable applications.
High Throughput The other design goal is to achieve high network throughput, which is necessary for a low latency/realtime monitoring system. We decided to use a 1 Mbps proprietary radio instead of 802.15.4. Although in-sensor processing can reduce bandwidth demand, our chosen faster radio with a simpler Media Access Control (MAC) is actually more energy efficient, as discussed next.
Low Power Low power consumption is another highly important design goal. Low power consumption contributes not only to prolonged lifetime, but also to system miniaturization, because the size of a battery occupies more than 50% of system volume. It is well known that the most power hungry component in a wireless monitoring system is the wireless transceiver. Therefore, we carefully chose a very low power transceiver that consumes less than 10 mA in transmission mode (1 Mbps, 0 dBm) and 22 mA in receiving mode.
Universal Connectivity Universal connectivity means that the nodes should able to connect to virtually any computer on one of its communication interfaces. This versatility is necessary for applications that not only collect and record or replay data, but also integrate them with actuators and other infrastructures. Thus, we designed our system to be able to transmit data via most common communication interfaces including USB, Ethernet, and Wi-Fi.
III. SYSTEM DESIGN
In order to achieve the design goals described in the previous section, we are developing a new ECG monitoring system that takes advantage of QUASAR's ECG sensors [11] and Eco wireless sensor nodes [12] . The QUASAR sensor is a wearable, tiny, low-power ECG sensing device, and Eco is an ultra-compact, low-power wireless sensor node. Fig. 1 (a) and (b) show the QUASAR ECG sensor and Eco with a US dime coin for reference of scale. They are similar in size, power, and are well matched in terms of data rate. This section first shows various system architectures for an ECG monitoring system that integrates these two technologies. Next, we examine the specifications of the QUASAR ECG sensor, Eco node, and the base station in detail.
A. System Architectures
Our ECG monitoring system can be functionally divided into four subsystems: ECG Sensors, Data Sampling, Wireless Transmission, and Host Interface. ECG signals are first digitized by ADCs and transmitted wirelessly to a base station that interfaces with a host computer via USB, Fast Ethernet, or 802.11b. We propose three different system architectures as shown in Fig. 2 .
The first architecture [ Fig. 2(a) ] consists of multiple ECG sensors, a data-sampling module, an Eco node, and a base station. In this architecture, the system has a separate data-sampling module, which contains a microcontroller unit (MCU) and ADCs as shown in Fig.  1(c) . All signals from ECG sensors are first sampled and buffered in this module. Then, data are fed to Eco via SPI and transmitted wirelessly to the base station. This architecture uses two MCUs to Green trace is from QUASAR sensor, Blue trace is from conventional electrode distribute workload. The MCU in the data-sampling module is dedicated to sampling signals. The other MCU in the Eco node handles wireless data transmission. By adopting this two-MCU architecture, we can achieve very accurate data sampling (low jitter) as well as high communication throughput and low latency [13] . In addition, the system can have separate high resolution ADCs and increase monitoring granularity without changing the main MCU. However, this architecture imposes extra cost and volume for the data-sampling module, and it also needs a data transmission protocol between the two MCUs.
The second architecture [ Fig. 2(b) ] uses the Eco for both datasampling and wireless transmission. All the ECG signals are directly fed to the ADC channels on the Eco node. The ADC built into the main MCU on the Eco node digitizes and transmits data according to its timing requirements. In this architecture, one Eco has to run all sensing and communication tasks by itself. Therefore, system performance is degraded as the number of ECG sensors increases.
Another system issue is that the number of ECG sensors that can be monitored simultaneously is limited by the number of Eco's ADC channels (8 channels in this case). Multiplexing also means that the samples on multiple channels cannot be taken precisely at the same time. However, this is a very simple and low cost design, which is suitable when the system is equipped with only two or three ECG sensors.
The third architecture [ Fig. 2(c) ] uses one Eco node for each ECG sensor. This architecture is similar to the second one in the sense that the Eco node performs both sampling and communication tasks, except that an Eco node serves only one ECG sensor in this case. Therefore, we can achieve higher throughput and lower latency as well as lower jitter. This is also a more reliable and distributed architecture than the other two. However, we need a sophisticated MAC protocol to coordinate the wireless traffic among several Ecos. The cost will increase in proportion to the number of monitoring points.
B. ECG Sensor
QUASAR's sensor (Fig. 3) is a compact ECG sensor that does not require skin preparation, gels, or adhesives. It includes not only a sensing device, but also signal conditioning circuitry such as lownoise amplifiers and voltage reference chips. Its output signal range is adjustable from differential (−4.5 V to 4.5 V) to single-ended (0 V to 4.5 V). It measures only 15 mm (in diameter) × 3.8 mm (in height) and weighs 5 g. Also, it consumes only 1 mW active power on average. These features enable our monitoring system to be 
C. Eco Wireless Sensor Node
Eco is an ultra-compact and low power wireless sensor node developed by the coauthors at UC Irvine. It measures only 13 mm(L) × 11 mm(W) × 7 mm(H) and weighs 2 grams (Fig. 5) . Also, it consumes less than 10 mA in transmission mode (0 dBm) and 22 mA in receiving mode. Its maximum data rate and RF range are 1 Mbps and 10 m, respectively. Considering its small form factor and low power consumption, Eco is very suitable for real-time biomedical signal monitoring applications, which require relatively high throughput, low latency, and high wearability. In addition, Eco has a 3-axial acceleration sensor, Hitachi-Metals H34C, which measures acceleration from −3 g to +3 g and temperature from 0 -75 • C. Eco also has a light sensor (S1087).
Eco's power subsystem includes a regulator (LTC3410), battery protection circuitry, and a custom 40 mAh rechargeable Li-Polymer battery. LTC3410 is an adjustable boost regulator whose output voltage is set to 2.7 V. Its maximum output current is 300 mA, and its average efficiency over a Li-Polymer battery's output voltage range (3.0 V -4.2 V) is higher than 90% at Eco's maximum operating current of 30 mA.
Eco has a flexible-PCB type expansion port that has 16 pins. This expansion port includes two digital I/O pins, two analog input lines, SPI, RS232, and voltage inputs for a regulator and battery charging. This port enables Eco to interface with other sensing devices such an image sensor, gyroscope, pressure sensor, or compass. We can charge the battery and program the EEPROM via this expansion port.
D. Base Station
As shown in Fig. 7 , we have developed three different types of base stations: USB, Fast Ethernet, and 802.11b/g. The USB one uses nRF24E1 as a wireless transceiver and MCU. Also, it uses Silicon Lab's CP2102 UART-to-USB bridge (Max. 12 Mbps). The Fast Ethernet one uses Freescale's MC9S12NE64, which has an HCS12 16-bit core and the Fast Ethernet interface (100 Mbps). It uses the nRF2401 as its wireless transceiver. The 802.11b/g base station use a PIC18F8720 MCU, nRF2401 transceiver and Linksys' WCF12 CF 802.11b card (Max. 11 Mbps).
IV. EVALUATION
In this section, we evaluate our ECG monitoring system in terms of size, weight, power consumption, sampling rate, and latency. We considered the second system architecture (in Fig. 2) , which has the lowest hardware cost among the three architectures. It also represents the lower bound in terms of performance and data quality.
A. Size, Weight, and Power Consumption
The total size and weight of the monitoring system are simply the sum of those of the ECG sensor and Eco, because our system does not require interface circuitry. Note that the signal conditioning circuitry is already included inside the ECG sensor. The total size of our system is about 26(L) × 15(W) × 7(H) mm 3 including one sensor, a wireless transceiver, and a battery. To the best of our knowledge, our system is the smallest wireless ECG monitoring system to date.
The entire system weighs less than 17 grams and consists of one Eco plus three ECG sensors. Our ECG system consumes less than 30 mW max while in operation. When it is powered by the 40 mAh Li-Polymer battery, it can last for more than 12 hours at 20% duty cycle, 1 Kbps sampling rate.
B. Sampling Rate and Latency
In the second system architecture, three ECG sensors are connected to one Eco. The size of one data sample is 12 bytes (4 bytes per sensor, 12-bit resolution, differential input). Our system can sustain sampling at 1 KHz. The measured latency is under 300 µs.
V. CONCLUSIONS
We are developing a truly wearable, wireless ECG monitoring system. Our system integrates novel capacitive ECG sensors, which have demonstrated 99% correlation with conventional electrodes, with Eco, an ultra-compact, low power wireless sensor node. Future work includes tighter integration of QUASAR's sensor and Eco and improving wireless performance and power efficiency.
